Most decision making in construction projects is accomplished by human beings based on manually collected information. This process is labor-intensive, error-prone, and heavily reliant on the knowledge and experience of the decision makers as well as the quality and reliability of the available information. Cyber-physical systems (CPS) offer the potential to transform traditional data collection approach and strengthen the coordination between cyber models and physical assets in a construction project. This paper describes a knowledge-based CPS architecture that aims at augmenting human decision making in construction. Domain knowledge, such as site policies, safety rules, and workflow logic, is elicited and compiled in an ontology-based knowledge hub. With the support of bi-directional cyber-physical communication, the knowledge hub inquiries relevant data from cyber models and physical assets, integrates realtime project data, and synthesizes context-specific information to facilitate human decision-making. This paper outlines the key challenges and technical requirements for creating the knowledge hub and its linkages with traditional CPS systems. It also presents two deployment scenarios in highway and building construction projects to demonstrate the realization a knowledge-based cyber-physical system and its potential in facilitating coordination and improving project performances in safety and efficiency.
INTRODUCTION
Managing complex and dynamic projects is challenging as it highly relies on realtime communication and seamless coordination of numerous spatially and temporally dispersed actors (people and "things") at a massive scale. In dynamic construction projects where the execution of tasks requires multiple interdependent actors to work synergistically in ever-changing and sometimes hostile environments, the need for smart project environments becomes more pressing (Leite et al. 2016) . Although sensing and information technologies have been used to assist in construction projects (Yang et al. 2015; Fang et al. 2016b) , we often see their applications in isolation, lacking synergy and coherence throughout the whole project process. The ultimate goal of a smart dynamic construction project environment, within which physical and cyber resources are tightly bound, remains elusive.
The most acute challenges in managing construction projects include lack of agility in decision making, hasty and unstructured deployment of advanced technologies, and the lack of adherence to standards that facilitate seamless integration and collaboration among project participants and worksites (Anumba et al. 2010) . In addition to the lack of timely information, the gap between the design and planning of construction projects and their actual progress has been found as the main reason behind delayed project delivery, compromised construction quality, and poor safety records of construction projects (Bowden et al. 2006; Teizer et al. 2013) . Although automated processes and data acquisition systems have started to improve knowledge management and decision making practices in construction projects, the abovementioned challenges still persist and result in time and cost overruns in almost 90 percent of construction projects, with an average of 28 percent higher than forecast costs (Sagalyn 2016) . The high rate of accidents and safety hazards on construction worksites has also made the construction industry amongst the most unsafe industries (Bureau of Labor Statistics (BLS) 2017).
Given the dearth of research on effective communication and coordination in complex and dynamic project environments, this project aims to address the critical challenges through a Cyber-Physical Systems (CPS) approach. To be specific, this research proposes a knowledge-based CPS architecture that aims at augmenting human decision making in construction by integrating domain knowledge in traditional CPS framework through a "live" knowledge hub. This paper will start with a review of related work in CPS and knowledge management applications in construction. It is followed by the introduction of the knowledge-based CPS architecture and two implementation scenarios. Finally, this paper presents the major barriers and opportunities in its implementation and advancement.
RELATED WORK
Today, most decision making in dynamic construction projects is accomplished by human beings based on manually collected information. This process is laborintensive, error-prone, and heavily reliant on the knowledge and experience of the decision makers as well as the quality and reliability of the available information. When transferred and shared between individuals and stakeholders, such domainspecific knowledge and experience may be susceptible to subjectivity and misinterpretation, such that their accuracy and reliability may be compromised.
As a step toward construction automation and an intelligent construction environment, Cyber-Physical Systems (CPS) has attracted much attention recently. CPS is defined as dynamic systems that integrate computation with physical processes, often in feedback loops, where physical processes affect computations, and vice-versa (Derler et al. 2012) . This definition considers CPS as a bi-directional integration of computational resources and physical processes, wherein the physical and virtual components can interact and communicate with each other through embedded computers and networks. As pointed out by Anumba et al. (2010) , the major enabling components for bi-directional coordination between the physical world and its virtual representation include wireless sensors, visualization tools, realtime tracking, and data fusion tools. Instead of simply tracking the physical world with a computing system, CPS offers a platform for efficient information exchange and coordination between physical and virtual components. Akanmu et al. (2013) depicted three application scenarios for the implementation of CPS in construction including installation of steel members, rework due to design changes, and real-time monitoring and control of light fixtures. Terreno and Anumba (2015) explored the utilization of CPS in Facility Management (FM) where they anticipated an integrated FM solution can be achieved through linking a CPS system with FM systems such as CMMS, GIS, and BAS. Yuan et al. (2016) investigated the implementation of CPS in the monitoring of temporary structures. By providing real-time communication between the virtual system and physical temporary structures, the CPS-based system offered the benefits of real-time inspection, tight coupling of physical components and a virtual model, and early warning for unsafe incidents. Despite much research on CPS applications in construction, most of them are scattered without a centralized architecture that supports applications with a wide range of both spatial and temporal scales.
METHODOLOGY
The proposed architecture has three major components: physical assets, cyber models, and a knowledge hub, which are integrated with real-time communication and processing ( Figure 1) . This architecture provides a common framework for developing project-specific strategies of interconnecting and coordinating key physical assets (including permanent and temporary structures, vehicles and equipment, devices and tools, and construction workers), with virtual design and construction models, and a 'live' knowledge hub or repository. The knowledge-based CPS architecture aims to improve awareness, autonomy, and communication at both individual and project level for construction projects. A key aspect of this architecture is to establish the technical and end-user requirements for integrating the knowledge hub with a 5D BIM that embodies the virtual representation/description of the physical construction being built. This task will result in clearly articulated user requirements, functional specifications, the taxonomy of desirable cyber-physical coordination imperatives, and the associated knowledge requirements for effective CPS deployment in complex and dynamic project environments. The knowledge hub and virtual models will be implemented by a datacenter on the Internet that offers cloud computing services (such as Amazon's EC2). Each work site implements a rendezvous server that is responsible for collecting all sensor information from the physical assets at the site, communicating the data to the cloud-based knowledge hub, sending inquiries on the users' behalf, receiving decisions or suggestions from the knowledge hub, and forwarding them to the users or the actuating devices for action. The following section will introduce each component in the architecture. 
Heterogeneous Internet of Things-based Strategies (Physical component)
Thanks to rapid advances in miniaturized embedded devices and sensor networking, construction equipment and other assets can be integrated into the Internet of things (IoT) by augmenting them with sensors and other instrumentation that integrate sensing/computing/communication capabilities. Recently, numerous sensing technologies have been introduced to the construction industry including real-time location systems (RTLS) (Li and Becerik-Gerber 2011) , reality capturing technologies (e.g. laser scanning and photogrammetry), human physiological status monitoring devices , and equipment operation monitoring and modeling techniques (Fang et al. 2016a ). They collect information on the progress of construction projects and the real-time conditions of the constructed facilities. This component requires to investigate the methodologies for integrating the sensing technologies with existing construction operations and workflows and to determine the selection of critical construction assets for sensor augmentation based on their influence on the project schedule, quality, and safety.
5D Virtual Model of Construction Projects (Cyber component)
5D virtual models (i.e., 3D geometry, schedule, and cost) of the construction projects is where the geometric data, properties and elicited and/or acquired knowledge of each physical asset will be represented by their virtual counterparts. The virtual models will be designed in a way to incorporate real-time data from their physical counterparts and integrating relevant knowledge from different physical sources or system components. An important aspect of this task centers on the development of a baseline 5D virtual model of each facility being constructed. This model needs to be updated in line with the phases of the construction project and will be based on both planned and actual construction progress. The components in the 5D project model are categorized into permanent structures (e.g., structural elements), temporary structures (e.g., scaffoldings, formworks), and mobile resources (e.g., equipment, workers). Permanent and temporary structures are represented by semantically-rich virtual models of the site (BIM: Building Information Models) with detailed construction sequencing information. Mobile assets are modeled at the level of detail that is adequate to reflect its physical status (e.g., poses of articulated equipment). Based on the ontology of construction knowledge defined in the knowledge hub, the 5D project model will be structured and developed to ensure ease of information retrieval. Anumba et al. (2005) formalized construction knowledge into 11 types with eight sets of characteristics (e.g., explicit vs. tacit, individual vs. shared, specific vs. generic). Furthermore, he developed a methodology and prototype system for live capture, reuse, and validation of project knowledge in construction (Tan et al. 2007 ). Building on the authors' previous work, the proposed knowledge hub adopts an ontology-based structure that defines and formalizes construction knowledge by incorporating the aforementioned knowledge types with an assortment of design protocols and codes, explicit best practices, and construction workflow logics. More specifically, the ontology of construction knowledge is built with a focus on construction sequencing and safety, building upon existing construction ontologies, IC-PRO-Onto (El-Gohary and El-Diraby 2010) and Industry Foundation Classes (IFC) (IAI 2007) . This ontology formalizes the taxonomy and structure of construction knowledge from distributed sources such as government regulations, codes of practice and industry best practices. Additional content in the knowledge hub will be generated through knowledge acquisition and knowledge elicitation from domain experts.
Knowledge Hub

Semantic Communication Strategies for Real-time Communication
A key aspect of the cyber-physical systems approach is an effective mechanism for facilitating real-time communication and coordination between all cyber and physical components such that changes in one component would be automatically reflected in the other components. In this bidirectional communication, physical to virtual communication, virtual to physical as well as all communication with the knowledge hub need to take place in real-time. Figure 2 illustrates the schematic flow of information and the resulting decision making process. The decision making inquiries within this framework may come from two sources: 1) system generated inquiries which are direct results of constant system monitoring and predictions, and 2) humangenerated inquiries by users where there is insufficient information available for decision making. In the first case, all project processes and operations are constantly monitored and referred to the respective information in the knowledge hub. Whenever discrepancies and potential hazardous situations are detected, an automatic inquiry is generated and sent to the knowledge hub for appropriate action. The knowledge hub then sends automatic information inquiries to respective physical actors or virtual models and receives the requested information autonomously. An autonomous decision is then made based on the collected information and existing rules in the knowledge hub. Depending on the severity of the situation, the decision might need to be authorized by a human expert to ensure its accuracy and confidentiality. It will then be sent back to either the end user or to the cyber and physical components to take appropriate action.
Figure 2: Schematic flow of information with knowledge hub
DEPLOYMENT SCENARIOS
Construction project environments are investigated in this project as a proof of concept and potential testbed for the proposed system architecture. In the light of this, two main types of construction projects: building and highway projects are selected and two specific project scenarios are highlighted: 1) safety management for highway construction, and 2) erection and installation of building elements. These scenarios are designed to capture the typical features of the dynamic and complex project environment that the proposed CPS architecture is intended to address. The scenarios are intended to accommodate different sources of information inquiry on project worksites and the related autonomous and/or evaluated decisions based on the type of project and the designated application, i.e. safety management and progress tracking. The deployment in each scenario is expected to answer a number of the key research questions posed at the outset by testing the limits of the concepts embodied in the system architecture, and highlighting the practical constraints inherent in CPS design, deployment and reliability in complex and dynamic project environments. A comparative analysis between these two scenarios is conducted to explore the unique opportunities and challenges in the different scenarios (e.g. potential differences between CPS deployments in horizontal construction vs vertical construction) and to formulate strategies for generalizing the implementation of the proposed approach in Based on a nationwide statistical analysis, the American Association of State Highway and Transportation Officials (AASHTO) indicates that work zone fatalities occur in every functional highway classification (AASHTO 1998). The workers on these projects are not only exposed to proximity hazards within the worksite, but are also affected by the passing traffic in most cases (Bryden and Andrew 1999) .
Research shows that accidents in the work area are greater than the traffic accidents, showing that safety awareness inside the work area is very important. When planning safety measures for highway projects, it is crucial to take into account all the contributing factors including not only the worksite, but also the surrounding environment. Highway workers cannot always be aware of everything that occurs around them when traversing the noisy and congested worksites or working at the borders of the sites where they are exposed to the external unsafe situations. Lacking real-time information, the workers' situational awareness is severely impaired, often making it impossible for them to react in a timely manner when confronting dangerous situations. As such, the complex and dynamic characteristics of the highway safety management processes make an ideal scenario for implementing and validating the proposed architecture.
To implement the proposed system architecture in this scenario, first, the knowledge hub with the information pertinent to current tacit and explicit knowledge and policies on planning and safety of highway projects and their related environment will be developed. This will accordingly lead to an integration of the highway worksites with smart infrastructure and smart transportation systems. Second, construction workers will be modeled using a safety space-time prisms approach in the virtual models (Esfahan et al. 2015) . These safety models will include information about each worker's schedule, and safe proximity distances, information about other surrounding activities and other related information acquired from the knowledge hub. Third, each worker will be proactively monitored in real-time using a GPS and Raspberry Pi based sensing unit (Esfahan et al. 2017) . Based on the tracked worker position, the information acquired from the other physical assets (including transportation systems and smart infrastructure) and the knowledge in the knowledge hub, workers' movement paths will be predicted and planned. This enables the system to detect potential hazards through constant comparison with safety guidelines. Bi-directional communication and information transmission will then be established between all cyber and physical components including virtual models, knowledge hub and physical assets. As such, the project manager will be informed through real-time visualization of the paths on the virtual models. Time-optimal and collision-free paths will be communication through automatic navigation instruction to the resources in real-time to ensure their safe maneuvers. Unlike conventional approaches used in highway construction as well as smart transportation practices, the proposed approach is based upon integration and communication of not only construction assets and virtual models, but also their seamless connection and communication with smart infrastructure and nearby transportation systems. The direct outcome of this scenario will be a generic "Internet of Highway Construction Things" approach to improving safety management of these projects. The approach is unique as it not only involves automated real-time bidirectional coordination in the highway worksites, but also provides a path to integration of highway projects with the surrounding environment, including transportation systems and smart infrastructure, through a computerized prototype and the knowledge hub.
Scenario #2: Erection and installation of building elements
Erection and installation of building components and sub-assemblies (e.g., prefabricated concrete slabs, façade panels, and modularized MEP systems) are major tasks in building construction. These activities heavily depend on the coordination of multiple stakeholders and trades (e.g., manufacturers, transportations, ironworkers, lifting crews), which makes these activities extremely sensitive and vulnerable to delay and subject to constructability issues such as spatial clash during installation and compatibility between components from different vendors. As erection and installation of building components are usually on the critical path of construction projects, their delay will have a significant impact on the execution of following activities and the entire project schedule. In addition, due to the complexity of the erection and installation activities, they often introduce excessive safety risks (Son et al. 2010 ) such as spatial conflicts in confined workspaces and human errors in communication between different trades (Neitzel et al. 2001) , especially when heavy equipment such as cranes are involved (Fang et al. 2016a) . Given the complex and dynamic characteristics of the erection and installation of building elements, it makes an ideal scenario for implementing and validating the proposed methods.
On the cyber side, a 5D project model contains specific details related to the erection and installation of building elements, including geometry, quantity, and other necessary information (e.g., weight, cost, specifications) of the physical things (e.g., materials, equipment, erected structures, temporary structures). The as-designed information can be extracted from BIM models and the as-is data can be acquired by laser scanning or photogrammetry. Additional, the 5D model also includes the critical project information including schedule, operation and contingency plan and the personnel associated with the selected erection and installation activities. On the physical side, a hybrid sensing framework will be developed to collect information of the physical actors. For example, Global Positioning System (GPS) can be used to track the location of the delivery fleet and RFID tags can be used to monitor the readiness of particular building elements to be installed. With the potential of harvesting pose, orientation, velocity information from the signal properties, RFID tags will also be used to estimate position and operation status of critical construction equipment. Special attention will be given to the system design such that it will meet the sensing requirement in vertical construction spaces such as high-rise buildings. The knowledge hub contains the content pertinent to erection and installation of building elements by harvesting knowledge from building design codes, safety regulations, and industry best practices. A rendezvous server will be deployed on the site acting as a pivot for collecting and synchronizing data from different sensor systems, communicating the data to the cloud-based knowledge hub, receiving decisions from the knowledge hub, and forwarding them to the users or the actuating devices for action.
CONCLUSIONS
As one of the most complex and dynamic environment, construction projects can benefit significantly from the Cyber-Physical Systems (CPS) approach to conquer the long-lasting barriers such as poor safety and productivity performance. Contributing to this endeavor, this research proposes a knowledge-based CPS architecture to facilitate human decision-making through real-time bi-directional communication and coordination among the virtual models, physical systems, and knowledge hub. This paper outlines the challenges and technical requirements for creating the knowledge hub and its linkages with traditional CPS systems. The deployment of a knowledgebased Cyber-Physical System is demonstrated in two typical construction scenarios, highway and building construction. The system has a great potential to augment human decision making by incorporating construction knowledge and consolidating real-time information from different sources. Moving forward, this research will continue to investigate the technical requirements and develop a prototype system for concept validation. A formalized knowledge hub for highway construction projects will be created and tested with the prototype system.
